ABSTRACT: Despite the lower gravimetric capacity, Li 4 Ti 5 O 12 is an important alternative to graphite anodes, owing to its excellent high temperature stability, high rate capability, and negligible volume change. Although surfaces with lithium compositions exceeding Li 7 Ti 5 O 12 were observed previously during the first charge−discharge cycles, no stable reversible capacities were achieved during prolonged cycling. Here, structural engineering has been applied to enhance the electrochemical performance of epitaxial Li 4 Ti 5 O 12 thin films as compared to polycrystalline samples. Variation in the crystal orientation of the Li 4 Ti 5 O 12 thin films led to distinct differences in surface morphology with pyramidal, rooftop, or flat nanostructures for respectively (100), (110), and (111) orientations. High discharge capacities of 280−310 mAh·g −1 were achieved due to significant surface contributions in lithium storage. The lithiation mechanism of bulk Li 4 Ti 5 O 12 thin films was analyzed by a phase-field model, which indicated the lithiation wave to be moving faster along the grain boundaries before moving inward to the bulk of the grains. The (100)-oriented Li 4 Ti 5 O 12 films exhibited the highest capacities, the best rate performance up to 30C, and good cyclability, demonstrating enhanced cycle life and doubling of reversible capacities in contrast to previous polycrystalline studies. KEYWORDS: battery anode, Li 4 Ti 5 O 12 , epitaxial thin film, crystal orientation, surface capacity L ithium-ion batteries (LIBs) exhibit a unique combination of high energy and power densities, making it the technology of choice for portable electronics, power tools, and hybrid/full electric vehicles (EVs).
L ithium-ion batteries (LIBs) exhibit a unique combination of high energy and power densities, making it the technology of choice for portable electronics, power tools, and hybrid/full electric vehicles (EVs). 1, 2 However, conventional state-of-the-art LIBs based on carbon anode materials, such as graphites, still do not fulfill the requirements for those high power applications due to poor safety characteristics. The spinel Li 4 Ti 5 O 12 (LTO) material has been extensively studied as an alternative to carbon anode materials in particular when cycle life and power density matters, because of its negligible volume change (0.2−0.3%), high rate capability, good safety characteristics, and high cycling stability. 3−6 LTO is a lithium intercalation compound exhibiting a theoretical capacity of 175 mAh·g −1 with a flat insertion/extraction voltage of approximately 1.55 V versus Li/Li + , well above the potential for the formation of dendritic lithium and for the formation of a solid−electrolyte interphase (SEI) from the reduction of the organic electrolyte. 4 This advantage comes with compromise of a lower overall battery voltage decreasing energy density as compared to graphite anodes. 5, 6 Although the native LTO exhibits low electronic conductivity (∼10 −8 to ∼10 −13 S·cm −1 ) and low lithium-ion diffusion coefficient (∼10 ), considerable research on the morphological and surface optimization, doping, and nanostructuring has dramatically improved its capacity and rate capability. 3, 4 Despite these advantageous properties, application of LTO is limited by a higher operating voltage and a lower capacity as compared to existing graphite anode.
Optimal performance of LTO relies on a fundamental understanding of the lithium diffusion kinetics and the underlying phase transformation mechanism. The defective spinel Li 4 . Lithiation leads to occupation of all of the octahedral 16c sites and emptying of the tetrahedral 8a sites to obtain the rock-salt-structured L i 7 T i 5 O 1 2 , w h i c h c a n b e r e p r e s e n t e d a s [Li 6 ] 16c [LiTi 5 ] 16d [O 12 ] 32e ; see Figure 1b . Although the lithiation process was for a long time understood as a twophase reaction where the two end members coexist during lithium insertion/extraction, recent studies have demonstrated that a solid solution exists with both Li 4 Ti 5 O 12 and Li 7 Ti 5 O 12 intimately mixed at nanometer length scales. 7−9 Furthermore, lithium compositions exceeding Li 7 Ti 5 O 12 have been observed during the first cycles experimentally 10−13 as well as theoretically, 14, 15 indicating this to be a surface-related phenomenon.
The role of the surface on the storage properties of the spinel LTO anode was previously investigated by density functional theory (DFT) calculations to study the impact of the different crystal orientations at the anode surface ((100), (110), and (111)) on the voltage profiles. 15 It reveals that it is energetically more favorable to insert lithium into the (100) surfaces, leading to initially high voltages due to surface storage. The maximum observed bulk composition Li 7 Ti 5 O 12 can even be surpassed by lithium storage at the (111) surface facilitated by surface relaxation effects, 15 which explains the experimental higher capacities at voltages below the bulk voltage plateau. 10−13 It was predicted that increasing the relative amount of ⟨111⟩ facets would significantly increase the storage capacity, although the reversibility of this capacity could be limited by irreversible surface reactions at these high compositions. This surface environment with enhanced lithium content extended several nanometers into the anode material, leading to a distribution of voltages responsible for the curved voltage profiles in good agreement with experimental observations for epitaxial LTO films.
12,13
However, most studies on epitaxial LTO thin films have focused on the structural properties of such oriented films, 16−19 which were deposited on insulating single crystalline substrates (e.g., MgAl 2 O 4 , α-Al 2 O 3 , and SrTiO 3 ), preventing the investigation of the electrochemical properties, whereas the only characterization of the electrochemical performance of epitaxial LTO thin films by Hirayama et al. 12, 13, 20 did demonstrate the cyclic voltammetry and charge− discharge curves of (110)-and (111)-oriented LTO films but did not explore the cyclability and rate performance of the specific crystal orientations. Highly controlled thin films make excellent model systems to study the lithiation mechanism in detail, to distinguish the surface capacities from bulk contributions, and to elucidate the possible limiting factors, including Li-ion diffusion, Li-ion transport, and electronic transport.
Here, we demonstrate the orientation-dependent intercalation kinetics for epitaxial Li 4 Ti 5 O 12 thin film anodes for which the electrochemical properties can be enhanced as compared to polycrystalline samples. Control of the specific orientation of the LTO thin film, and, therefore, the anode surface toward the adjacent electrolyte, was achieved by varying the crystal orientation of the single crystalline substrate ((100), (110), and (111)). All LTO films exhibit predominantly ⟨111⟩ crystal facets at their surfaces, which is the lowest energy state surface for this spinel structure. As a result the three types of LTO films exhibit dramatic differences in surface morphology with pyramidal, rooftop, or flat nanostructures for respectively (100), (110), and (111) orientations. All three crystal orientations showed high electrochemical performance with good cyclability without any significant capacity fading, as well as discharge capacities of 280−310 mAh·g −1 far above the theoretical capacity of the Li 7 Ti 5 O 12 composition. It is concluded from the layer thickness dependence that these high capacities are caused by significant surface contributions in lithium storage. When only the discharge capacity at the voltage plateaus (1.5−1.6 V range) is taken into account, a constant capacity of ∼120 mAh·g −1 is determined for all three crystal orientations in good agreement with the capacities determined from the layer thickness dependence. The lithiation mechanism of bulk Li 4 Ti 5 O 12 thin films was analyzed by a phase-field model, which indicated the lithiation wave to be moving faster along the grain boundaries before moving inward to the bulk of the grains. Because the (100)-oriented films exhibit an enhanced surface area for its pyramidal surface morphology, in contrast to the much flatter (110)-and (111)-oriented films, they show the highest capacities (1.0−2.5 V range) when cycling at various (dis)charging rates in the range of 3C−30C. These results show for the first time 
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Article experimentally that ⟨111⟩ crystal facets dramatically enhance the lithium storage of Li 4 Ti 5 O 12 thin film anodes due to significant surface contributions in lithium storage.
■ RESULTS AND DISCUSSION
In this study epitaxial engineering is applied as a tool to obtain improved control over the electrochemical properties of Li 4 Ti 5 O 12 thin films, which is unique for epitaxial thin films and cannot be obtained in single crystals or polycrystalline samples. Pulsed laser deposition (PLD) was used to grow Li 4 Ti 5 O 12 thin films on various single-crystal Nb-doped (0.5 wt %) SrTiO 3 (STO) substrates with different crystal orientations ((100), (110), and (111)). Details about the deposition conditions can be found in the Experimental Section and our previous study on epitaxial LiMn 2 O 4 thin films.
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X-ray diffraction was used to investigate the structural quality of the LTO films, as shown in Figure 1c . The three types of LTO films exhibit coherent growth with the out-ofplane crystal orientation aligned to the orientation of the substrate. The LTO(111) films show the presence of a highly crystalline epitaxial layer, with a lattice parameter of ∼8.32 Å, without any impurity phase, in good agreement with previous study of LTO growth on STO(111) substrates. 12, 20 This indicates the successful optimization of the PLD deposition process parameters (e.g., temperature, pressure, laser energy density, and target composition) to correct for any loss of volatile lithium during ablation, nucleation, or growth. However, the LTO films with (100) and (110) orientations still do show minor contributions of a secondary phase, although all three types of LTO films were grown during the same deposition procedure. The extra peaks at low diffraction angles cannot be ascribed to anatase or rutile TiO 2 as observed in previous studies 12, 13 but suggest the presence of a small amount of monoclinic β-Li 2 TiO 3 with respectively (002) or (110) orientation. 22 Although β -Li 2 TiO 3 has also been investigated as anode material, 23 it will have a negligible effect on the electrochemical performance of the LTO thin films, as the anodic reduction and cathodic oxidation reactions in β -Li 2 TiO 3 take place below ∼0.8 V. 23 This is far below the potential window in our measurements of 1.0−2.5 V.
Although large differences exist between the crystal structures of spinel LTO (a = 8.36 Å) and perovskite STO 
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Article (a = 3.90 Å), an epitaxial relation between the deposited LTO films and the underlying STO substrates is suggested by the alignment of their out-of-plane crystal orientations. Therefore, the in-plane crystal orientations of the LTO films were studied by XRD ϕ-scans along the LTO/STO directions of respectively (440) Detailed analysis of the surface morphology through atomic force microscopy (AFM) confirmed the preferred orientation of the LTO films; see Figure 3 . Square-like structures with significant height differences (rms = ∼12.7 nm) can be observed at the surface of the LTO(100) film, which is in good agreement with previously observed octahedron spinel structures. 24, 25 All four sides of such pyramidal spinel structures consist of ⟨111⟩ crystal facets with an occasional presence of a ⟨100⟩ crystal facet at the truncated top of the pyramid. These square-like structures confirm the 90°p eriodicity in the in-plane orientation as observed in XRD measurements; see Figure 2 . Rooftop-like structures are formed at the surface of the LTO(110) films with a lower surface roughness (rms = ∼8.2 nm), caused by the anisotropic nature of the (110)-plane which favors diffusion of atoms along the [1̅ 10]-direction as compared to the [001]-direction. 26 This results in elongated ⟨111⟩ crystal facets all aligned in the same direction in good agreement with the 180°p eriodicity observed in XRD results. Finally, triangle-like structures are formed at the surface of the LTO(111) films exhibiting a very low surface roughness (rms = ∼1.4 nm). The triangular shape corresponds to the (111)-plane in a cubic structure and matches the observed 120°periodicity in the XRD measurements. Furthermore, two different types of inplane triangle orientations can be observed, which confirm the presence of two domain types, rotated 60°with respect to each other, as observed in XRD analysis. Therefore, surfaces exposing predominantly ⟨111⟩ crystal facets are present for all three types of LTO films with different out-of-plane orientations ((100), (110), and (111)), which confirms it as the lowest energy state surface. This is in good agreement with previous theoretical 15 and experimental 24 studies on LTO crystals, which demonstrated that oxygen-terminated (110) and (111) facets exhibit surface energies about half of a (100) facet due to the minimal loss of coordination to the subsurface TiO 6 octahedra, and much lower than lithium-or titaniumterminated surfaces.
The lithium intercalation characteristics were studied by galvanostatic charge−discharge analysis of electrochemical cells in which the LTO thin films were measured against lithium metal with a liquid electrolyte. Figure 4 shows charge− discharge curves from the first to the twentieth cycle for a constant current of 10 μA, corresponding to a (dis)charge rate of 3C, and cutoff voltages of 1.0 and 2.5 V. A clear voltage plateau could be observed around 1.55 V in good agreement with bulk LTO characteristics. 3, 4 During the initial charge− discharge cycles of the LTO films, the charge capacity remains constant, while the discharge capacity is reducing toward a constant level. As a result, the calculated Coulombic efficiency is changing within this initial cycling toward ∼100%. However, when our LTO films are subsequently cycled at low rates of 3C within the voltage range between 1.0 and 2.5 V, the discharge capacity is always a little bit larger than the charge capacity, corresponding to a Coulombic efficiency of about 95%. This effect can also be observed in previous studies on epitaxial LTO thin films 12, 13, 20 as well as on polycrystalline LTO thin films, 27 but was never discussed specifically. Our LTO thin films do not exhibit an increase in internal resistance due to a growing SEI layer, but the experiments show a stable, reversible lithiation process. Therefore, it is suggested that the higher discharge capacity, as compared to the charge capacity, is due to a small increase in the SEI layer thickness which easily dissolves into the liquid electrolyte during subsequent charging. This process of SEI formation and dissolution at the LTO surface was previously demonstrated 28 and is much more pronounced in LTO thin films due to the limited volume of the samples. Further research is required to achieve detailed understanding on the contribution of the SEI layer for lithium storage in our LTO thin films systems.
All three crystal orientations showed high electrochemical performance with good cyclability, as well as very high discharge capacities far above the theoretical capacity of 175 mAh·g (111)). During the measurements a current of 10 μA was used, which provided a (dis)charge rate of 3C.
Article discharge capacities of respectively ∼277 and ∼283 mAh·g . The large surface area of the (100)-oriented LTO film, caused by pyramidal surface morphology, is suggested to cause the enhanced lithium storage as compared to the other crystal orientations. The crystal facets on all films are predominantly ⟨111⟩, which eliminates any possible effect from local variations in crystal facets. Surpassing the theoretical capacity for Li 7 for epitaxial films in the limited voltage range between 2.5 and 1.0 V, confirming the enhanced storage of lithium at the ⟨111⟩ facets. 15 Interestingly, our study shows such enhanced lithiation for all three film orientations ((100), (110), and (111)), all exhibiting ⟨111⟩ facets, in strong contrast to previous limitation to the (111) orientation. 12 To distinguish the surface contribution from the bulk LTO layer dependent intercalation processes, variations in the electrochemical behavior were investigated for different LTO layer thicknesses. Figure 5 shows the charge−discharge curves for LTO film thicknesses in the range 55−330 nm together (111)). During the measurements a current was provided to result in a (dis)charge rate of 3C. Linear fits are shown for the thickness-dependent total discharge capacity. (111)). During the measurements the current was varied between 10 and 100 μA, which led to a range of (dis)charge rates of 3C−30C. (b) Crystal orientation-dependent charge−discharge analysis at a rate of 3C. (c) Cycle life analysis of the discharge capacity at various rates determined over the full voltage range of 1.0−2.5 V or only the voltage plateau between 1.5 and 1.6 V. A potentiostatic period of 5 min is used to ensure complete charge or discharge before the next step.
Article with the total capacity for each cell after charging or discharging. For the full thickness range and for all orientations the LTO films exhibit good electrochemical behavior with clear voltage plateaus as well as significant tails above and below those plateaus. The limited volume of the LTO layer in the thin films causes the surface contributions in the tails to be more pronounced as compared to bulk studies. It can be observed that for all three orientations the total capacities of the LTO films increase linearly with thickness, suggesting the presence of a volume-dependent capacity in combination with a constant surface capacity. The linear fits indicate similar volume-dependent discharge capacities of ∼120 mAh·g −1 for all orientations, while minimal variations can be observed for the offset on the capacity axes for the three orientations. These fits suggest the presence of a constant surface capacity of ∼8 μAh/cm 2 for all three orientations. This extra capacity cannot be completely stored within the LTO layer, as it would require an extra Li 7 Ti 5 O 12 layer with a thickness of about 130 nm. Therefore, the surface capacity can only partially be realized in a LTO layer with a higher lithiation level (i.e., Li 9 Ti 5 O 12 ). However, the SEI was recently suggested to act as an extra charge reservoir with a significant contribution to the reversible lithiation process. 29 The combination of both volume and surface contributions explains the measured large capacities in thin films (see Figure 4) , and strongly points out the necessity to distinguish between them instead of calculating a full volumetric capacity as was done in previous studies.
The rate dependence of the discharge capacity for the LTO films with different crystal orientations is shown in more detail in Figure 6 . After the initial 20 charge−discharge cycles with 3C (i.e., current of 10 μA), the films are consecutively cycled at various rates in the range 3C−30C (i.e., currents 10−100 μA) before finishing the sequence with the final 60 cycles with 3C. When our LTO films are cycled within the voltage range between 1.0 and 2.5 V, the Coulombic efficiencies are very close to 100% for a high (dis)charge rate of 30C and a few percent lower for a slow (dis)charge rate of 3C, as discussed before. High stability during substantial cycling is achieved for all LTO films, while the (100)-oriented film exhibits enhanced performance as compared to the other orientations. However, the capacity taken over the full voltage range of 1.0−2.5 V contains the surface capacity together with the volumetric capacity, and the surface capacity is significantly larger for the (100)-oriented LTO film due the large surface area of the pyramidal morphology. This difference in capacity can be explained by the variation in surface area between the differently oriented films, as the (100)-oriented films exhibit about 30% more surface area as compared to (110)-and (111)-oriented films, see Figure 3 . When taking only the capacity at the voltage plateau (1.5−1.6 V) into account, the surface capacities do not contribute significantly and all three orientations show, at 3C, similar capacities of about 120 mAh· g −1 , in good agreement with the capacities determined from the layer thickness dependence. At the highest rate of 30C the LTO films still exhibit volumetric capacities of about 60 mAh· g −1 , in good agreement with values obtained for thick bulk LTO anodes. 30 The difference in measured capacities for the two voltage ranges suggest the presence of surface capacities of ∼15 μAh·cm −2 for (100)-oriented films and ∼12 μAh·cm 2 for (110)-and (111)-oriented films. Furthermore, the measured surface capacities remain highly reversible with good cyclability up to those high (dis)charge rates.
The lithiation mechanism of epitaxial LTO thin films was analyzed in detail by applying a phase-field model based on non-equilibrium electrochemical thermodynamics. 30 The model includes a thermodynamic description of the active material, 31−33 being able to capture phase separation in LTO electrodes and, coupled with a vacancy-based diffusion description in the solid, has been shown to correctly describe the material performance. 30 The model can only study Li-ion storage in the bulk and thus it is suitable to investigate the bulk capacities expected from the thin films, aiming to elucidate the possible limiting factors, including Li-ion diffusion, Li-ion transport, and electronic transport.
It is important to note that no thermodynamic or kinetic parameter was tuned to match the experimental results. All the parameters are identical to the ones reported in the prototypical case 26 and can be found in the Supporting 
Article Information. Regarding the geometrical features, the thin films are electrodes with practically zero porosity. In that sense, the surface of the thin film exposed to the electrolyte is expected to be completely wetted with no further Li-ion transport within the electrode due to the absence of pores. This hints that the diffusion coordinate within the solid particles, mimicking the grains of the thin film, needs to be in the order of magnitude of the film thickness. The absence of pores also indicates that the lithiation wave should propagate in a single direction (vertical to the film), from the liquid electrolyte toward the Nb-doped STO current collector. However, the existence of multiple interconnected grains is evident in the SEM images ( Figure 3 ) and complicates the solid description. This is because the introduction of more grain boundaries is likely to result in more Li 4 Ti 5 O 12 /Li 7 Ti 5 O 12 phase interfaces that have been shown to catalyze Li-ion diffusion. 9, 34 This is also supported by electrodes build-up by large secondary particles consisting of smaller primary particles showing superior electrochemical performance. 4, 35, 36 Here, we investigate various particle shapes (spherical, cylindrical, and single-direction rectangular), which differ with regard to the volume fraction experienced as we move from the outside to the inside of the particle, and keep the Li-ion diffusion coordinate equal to the film thickness. Since all of the other parameters are experimentally determined, we can investigate which particle geometry captures the capacity trend as a function of current and film thickness best and, on the basis of the different volume fractions, draw conclusions regarding the effect of the interconnected grains.
The simulation results of the simple spherical approximation are plotted and fitted with a shape preserving interpolant, creating the trend lines depicted in Figure 7a including the experimental results for comparison. The experimental values resulted from averaging the bulk (1.5−1.6 V) capacities of all three oriented LTO films ((111), (100), and (110)) at the respective rates and thicknesses. The simulated trend lines match well with the decreasing capacity "staircase" observed experimentally. Excellent agreement is observed for the thicker LTO films (220 and 330 nm), while a larger capacity discrepancy is found for the thinner films where the simulated results converge faster to the theoretical maximum capacity. This is reasonable considering the fact that the ideal spherical approximation overestimates grain boundary diffusion (see Figure 7b and discussion in the Supporting Information) and the existence of larger errors in the measured capacity for thinner electrodes. However, the single-direction rectangular approximation, which initially may appear a realistic representation of the thin film batteries (see Figure 7c) , predicts an extremely steep decrease in capacity with increasing thickness.
Our findings suggest that a mixed lithiation description, spherical and single-direction rectangular (see Figure 7d) , appears the best description of the experimental results for the thinnest LTO films (55 and 110 nm); see Figure 7a . Thus, an exact multidimensional description of the grain geometry is required. This underlines the importance of understanding grain boundary diffusion and implies that the lithiation wave moves faster along the grain boundaries before moving inward to the bulk of the grain, creating radial-like lithiation conditions for the bulk LTO. In this way the role of grain boundaries 9, 34 and the superior electrochemical behavior, encountered in literature among techniques utilizing large secondary particles, 4, 35, 36 is rationalized. We suggest that controlling the grain size is of great importance in order to tune the bulk capacity achievable for high C-rates in thin films. Analysis of the possible rate limiting kinetic mechanisms and their contribution to the total overpotential was performed (see the Supporting Information). Li-ion transport through the electrolyte, electronic transport, and Li-ion transfer over the electrolyte−electrode contact all exhibit minimal contributions to the internal resistance and, hence, to the overpotentials that prevent utilizing the full capacity. The simulations confirm that the LTO thin films are limited completely by Li-ion diffusion in the solid phase, explaining the observed capacity loss with increasing current and thickness of material. Therefore, optimization of these batteries should focus on finding the optimum LTO thickness for the solid diffusion pathway or developing an intimate combination with a solid electrolyte with high ionic conductivity.
■ CONCLUSIONS
Improved control over the electrochemical properties of Li 4 Ti 5 O 12 thin films is enabled by structural engineering, which is unique for epitaxial thin films and cannot be obtained in single-crystal or polycrystalline samples. Dramatic differences in surface morphology with pyramidal, rooftop, or flat nanostructures were achieved by control in LTO thin films of the specific crystal orientation, respectively (100), (110), and (111). Surfaces exposing predominantly ⟨111⟩ crystal facets were present for all three types of LTO films, which confirmed it as the lowest energy state surface. All three crystal orientations showed high electrochemical performance with good cyclability without any significant capacity fading, as well as high discharge capacities of 280−310 mAh·g ). The layer thickness independence demonstrated that these high capacities are caused by large surface contributions in lithium storage, which cannot be fully explained by the presence of a Li 9 Ti 5 O 12 layer. Therefore, the contribution of the SEI layer to this reversible lithiation process requires further research. Furthermore, previous studies have used scan rate-dependent cyclic voltammetry to differentiate between diffusion-controlled intercalation and pseudocapacitive charge storage. 37, 38 This method could provide some interesting insight into the observed surface capacity for our epitaxial LTO thin films, although its methodology is under strong debate as other studies have concluded it to be unsuitable for Nb-TiO 2 and Li 4 Ti 5 O 12 anode materials. 39 The significance of our result is that in microbattery applications the advantages of LTO, such as high temperature stability, high rate capability, and negligible volume change, can be utilized without compromising capacity. The bulk capacity of the thin films is isolated when taking only the discharge capacity at the voltage plateaus (1.5−1.6 V range). This was confirmed with phase-field modeling simulations that matched the experimental decreasing capacity "staircase" with increasing thickness and current. The thin films are limited by Li-ion diffusion, and thus optimization should be pursued by tuning the film thickness. In addition, the computational investigation brings forward the importance of grain boundary diffusion. Fast lithiation along the grain boundaries is likely to create lithiation phase-fronts in the bulk of the grain that resemble more radial conditions rather than a strictly onedimension lithiation front, vertical to the film. Thus, controlling the grain size and growth in such techniques is expected to affect the obtained bulk capacities. Since the
ACS Applied Energy Materials
Article (100)-oriented films exhibit an enhanced surface area for its pyramidal surface morphology, in contrast to the much flatter (110)-and (111)-oriented films, the (100)-oriented films provide the highest surface capacities when cycling at various (dis)charging rates in the range of 3−30C. These results show for the first time experimentally that ⟨111⟩ crystal facets dramatically enhance the lithium storage of Li 4 21 Thin films fabricated by pulsed laser deposition typically exhibit densities very close to theoretical values with negligible porosity. Therefore, the mass of the samples has been determined by using the theoretical density of LTO (3.51 g·cm −3 ) together with the volume of the sample (thickness × 5 mm width × 5 mm length).
The crystal structure, surface morphology, and thickness of the thin films were investigated by X-ray diffraction (PANalytical X'Pert PRO diffractometer with Cu Kα radiation and 1/32 slit, in steps of 0.002°a nd 8.7 s/step), atomic force microscopy (Bruker ICON Dimension Microscope on tapping mode in air with Bruker TESPA-V2 cantilevers), and scanning electron microscopy (Zeiss Merlin HR-SEM), respectively.
For electrochemical characterization the LTO films were cycled galvanostatically against a lithium metal anode between 1.0 and 2.5 V with currents of 10, 20, 40, and 100 μA, corresponding to C-rates of approximately 3C, 6C, 12C, and 30C, respectively. Further details about the cell assembly and electrochemical measurements can be found in a previous study on epitaxial LiMn 2 O 4 thin films.
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The LTO phase-field model is based on the modeling principles developed by Bazant and co-workers 31,32 and is described in detail, along with the parameters used, in the paper of Vasileiadis et al. 30 A thermodynamic description of the active material is achieved by including a regular solution model 31 that is able to distinguish between homogeneous lithiation and phase separation. The Gibbs free energy describing Li-ion insertion into LTO vacancies is approximated by the following equation: The most relevant property in this work is the Li-ion flux in the solid particles, which is proportional to the gradient of the diffusional chemical potential and can be expressed with a vacancy diffusion mechanism as follows, with D the diffusion of Li. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsaem.9b00217.
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